Two principal cell populations are responsible for the continual process of bone remodeling. Osteoclasts derive from myeloid precursors (59) and drive the resorption of bone by acidification and release of lysosomal enzymes (73) . Conversely, osteoblasts derive from a mesenchymal bone marrow precursor (3) and produce components of bone, principally type I collagen. Osteoblasts also catalyze the calcification process and produce soluble factors which serve to modulate the activity, or the formation, of osteoclasts. In this manner, osteoblasts function as a principal director of osteoclast function, and it is the communication between these two cell populations that constitutes one of the most important mechanisms of bone formation.
Among the osteoblast-derived factors which may have profound effects on osteoclastogenesis, and/or the activity of osteoclasts, are the colony-stimulating factors (CSF) macrophage (M)-CSF, granulocyte (G)-CSF, and granulocyte-macrophage (GM)-CSF. For example, op/op mice are deficient in a functional gene encoding M-CSF (83) and due to reduced M-CSF production (5, 20, 40) these mice have reduced numbers of osteoclasts and are osteopetrotic. Furthermore, M-CSF has been shown to facilitate osteoclastogenesis and also to activate osteoclast function (30, 37, 39, 72, 82) . Since M-CSF augments osteoclast maturation and activity, the presence of this CSF has been closely linked with bone resorption (12, 42, 56) . The fact that osteoblasts can upregulate their expression of M-CSF (22, 38, 62, 63, 79) suggests that osteoblast-derived M-CSF secretion may stimulate osteoclast development and activity (11) .
Similarly, the presence of excess G-CSF stimulates bone resorption. When this CSF was used as an exogenous therapy (67, 71) or genetically overexpressed (70) , increased bone resorption was observed. The mechanisms of G-CSF-induced bone resorption are not clear, although it has been suggested that osteoblast-derived G-CSF (21, 68 ) might affect bone remodeling.
GM-CSF, like M-CSF, facilitates the early differentiation of myeloid precursors into osteoclast precursors (29, 45, 46, 58, 69) . Conversely, however, GM-CSF seems to limit the formation of the more mature, multinucleated osteoclasts (33, 65, 66, 76) . Since osteoblasts can also be stimulated to secrete GM-CSF (21, 32, 51, 80) , it is also possible that osteoblast-derived GM-CSF contributes to the regulation of osteoclastogenesis.
Bacterial infections and their products can be potent stimulators of osteoclastogenesis and bone resorption (55) . Bacteria can destroy bone by several possible mechanisms, including the production of acids or proteases, or by indirectly stimulating osteoclastogenesis. However, it is unclear what mechanisms are the most important in the pathophysiology of bacterium-induced bone resorption. This question is further complicated by the diversity of bone and joint diseases (e.g., osteomyelitis, arthritis, or periodontitis) and by the diversity of bacterial species which can act as causative agents (e.g., Staphylococcus spp. and Salmonella spp.). Since osteoblasts dictate osteoclast function, it is logical to begin to question how bacterial infections might affect osteoblast activity. Surprisingly, few studies to date have addressed the response of osteoblasts following their interaction with viable bacteria capable of causing bone diseases (55) .
Osteoblast-induced CSF production at the site of bacterial infection in the bone could have several consequences. First, excess production of M-CSF or G-CSF could increase osteoclastogenesis and promote bone resorption. Alternatively, induced production of GM-CSF would likely limit the formation of multinucleated osteoclasts. Each of these CSF could also have profound effects on hematopoiesis and augment the inflammatory response at the site of bone infection. However, such speculations have little meaning in the absence of an understanding of which CSF are produced in response to infection.
In the present study, we have addressed for the first time the ability of gram-positive (Staphylococcus aureus) and gram-negative (Salmonella dublin) bacteria to induce CSF expression in cultured mouse and human osteoblasts. Surprisingly, we found that viable Staphylococcus or Salmonella could induce significant levels of GM-CSF and G-CSF production in both mouse and human osteoblasts. Only human osteoblasts directly exposed to bacteria could be induced to increase their secretion of M-CSF over constitutive levels. These results strongly suggest that osteoblasts respond to bacterial challenge by the production of CSF that may contribute to the host response and modulate osteoclastogenesis.
MATERIALS AND METHODS
Isolation and culture of mouse osteoblasts. Primary osteoblast cell cultures were prepared from mouse neonate calvariae by sequential collagenase-protease digestion as previously described by our laboratory (9) . Cell isolates were pooled in osteoblast growth medium (OBGM) consisting of Dulbecco's modified Eagle's medium containing 10% fetal bovine serum (Equitech, Ingram, Tex.), 25 mM HEPES, 2 g of sodium bicarbonate per liter, 75 g of glycine per ml, 100 g of ascorbic acid per ml, 40 ng of vitamin B 12 per ml, 2 g of p-aminobenzoic acid per ml, 200 ng of biotin per ml, 100 U of penicillin per ml, 100 g of streptomycin per ml, and 0.25 g of amphotericin B per ml (Fungizone) (pH 7.4) (60). Cells were seeded at a density of 10 5 per well in 12-well cluster plates and incubated at 37°C in a 5% CO 2 atmosphere until they reached confluence (6 to 7 days). Greater than 99% of these cells expressed markers of osteoblasts, including type I collagen, osteocalcin, and alkaline phosphatase when subjected to immunofluorimetric analyses as previously described (9) .
Normal human osteoblast cultures. Normal human osteoblasts (Clonetics, San Diego, Calif.) were purchased and propagated in accordance with the guidelines provided by the vendor and as previously described by our laboratory (9) . Cells were seeded in 25-cm 2 flasks and incubated at 37°C in a 5% CO 2 atmosphere and medium supplied by the manufacturer, which contained 10% fetal calf serum, ascorbic acid, gentamicin, and amphotericin B. After the cells reached approximately 80% confluence (5 to 9 days), they were removed from the flasks using 0.025% trypsin-0.01% EDTA, washed in medium, and seeded into six-well plates. After the cells reached approximately 80% confluence (6 to 7 days), they were infected with bacteria as described below. These commercially available cells have been extensively characterized as osteoblasts (28) .
Exposure of cultured mouse and human osteoblasts to bacteria. S. aureus strain UAMS-1 (ATCC 49230) is a clinical osteomyelitis isolate and was grown overnight in 5 ml of tryptic soy broth in a shaking water bath at 37°C. S. dublin strain SL1363 is a wild-type strain found in mice which is pathogenic and potentially lethal when given to susceptible mice (50% lethal dose, 10 6 bacteria) and was grown overnight in 5 ml of Luria broth at 37°C. Bacteria were harvested by centrifugation for 10 min at 4,300 ϫ g at 4°C and washed once in 5 ml of Hanks balanced salt solution. The pellet was then resuspended in 5 ml of OBGM without antibiotics. Confluent layers of osteoblasts were exposed to S. aureus or Salmonella suspensions at the indicated ratios of bacteria to osteoblasts in 4 ml of OBGM without antibiotics for 45 min at 37°C. After the bacteria had been washed off the osteoblasts, the cultures were incubated for 3 h in 4 ml of OBGM supplemented with 25 g of gentamicin per ml to kill any remaining extracellular bacteria. Cultures were washed again and incubated in gentamicin-containing medium for the indicated periods of time for determination of CFU as previously described (19) , for RNA isolation, or for collection of culture supernates.
In some experiments, S. aureus or Salmonella bacteria were exposed to shortwavelength (250-nm) UV light for 5 or 3 min, respectively, prior to addition to cultured osteoblasts. Times used for UV inactivation were empirically determined to reduce the percentage of viable bacteria to less than 0.01% as determined by colony counting (19) .
RNA isolation, reverse transcription, and semiquantitative PCR. At the indicated times, RNA was extracted from cultured mouse osteoblasts, reverse transcribed, and subjected to semiquantitative reverse transcription (RT)-PCR as previously described (6) (7) (8) (9) 47) . Briefly, total RNA was isolated using TRIZOL Reagent (Gibco-BRL, Gaithersburg, Md.) and 2 g of total RNA was reverse transcribed in the presence of random hexamers using 200 U of RNase H-free Moloney leukemia virus reverse transcriptase (Superscript II; Gibco-BRL) in the buffer supplied by the manufacturer. PCR was performed on 5% of the total cDNA to quantify expression of the mRNAs encoding interleukin-6 (IL-6), IL-12p40, IL-12p35, and glyceraldehyde 3-phosphate dehydrogenase (G3PDH) using denaturation at 95°C, annealing at 60°C, and extension at 72°C (Robocycler 40; Stratagene, La Jolla, Calif.), with the first of 27 total cycles having extended denaturation and annealing times. PCR primers were derived from the published sequences of IL-3 (10), GM-CSF (50), M-CSF (17) , and G-CSF (75) and included CTGATGCTCTTCCACCTGGGACTCC and CATTCGCAGATGTAG GCAGGCAACA to amplify mouse IL-3, TTTACTTTTCCTGGGCATTGTG GTC and CCGCATAGGTGGTAACTTGTGTTTC to amplify mouse GM-CSF, GGCTGGCTTGGCTTGGGATGATTCT and GTCTGTCAGTCTCTGC CTGGATGCTG to amplify mouse M-CSF, CGAAGGCTTCCCTGAGTGGC TGCTCTA and GGACACCTCCTGCCCGGCGCTGG to amplify mouse G-CSF, and CCATCACCATCTTCCAGGAGCGAG and CACAGTCTTCTGGGTGG CAGTGAT to amplify G3PDH.
Following PCR, 15% of each amplified sample was electrophoresed on ethidium bromide-stained agarose gels and visualized under UV illumination. Densitometric analysis of the RT-PCR product bands was performed using NIH Image (obtained from the National Institutes of Health website [http://rsb.info .nih.gov/nih-image]). Each gel image was imported into NIH Image by Adobe Photoshop (Adobe Systems, San Jose, Calif.), a gel-plotting macro was used to outline the bands, and the intensity was calculated on the Uncalibrated OD setting.
To ensure that similar amounts of input RNA were reverse transcribed, RNA was quantified by DNA dipsticks prior to the cDNA reactions (InVitrogen, San Diego, Calif.). In addition, PCR amplification of the G3PDH housekeeping gene was performed on cDNA from each sample to ensure equal RNA input and RT similar efficiencies. The identity of the amplified fragments was verified by size comparison with DNA standards (Promega).
Quantification of IL-3, GM-CSF, M-CSF, and G-CSF secretion in culture supernatants. Capture enzyme-linked immunosorbent assays (ELISAs) were performed to quantify mouse and human GM-CSF, G-CSF, M-CSF, and IL-3 secretion using a methodology which has been previously described (7, 8) . The following pairs of capture and detection antibodies were used to quantify mouse CSF secretion, respectively: anti-mouse GM-CSF (clone MP1-22E9) and biotinylated anti-mouse GM-CSF (clone MP1-31G6; PharMingen, San Diego, Calif.), polyclonal anti-mouse G-CSF and biotinylated anti-mouse G-CSF (clone 67604.111; R&D Systems, Minneapolis, Minn.), polyclonal anti-mouse M-CSF and biotinylated polyclonal anti-mouse M-CSF (R&D Systems), and anti-mouse IL-3 (clone MP2-8F8) and biotinylated anti-mouse IL-3 (clone MP2-43D11; PharMingen).
The following pairs of capture and detection antibodies were used to quantify human CSF secretion, respectively: anti-human GM-CSF (clone BVD2-23B6) and biotinylated anti-human GM-CSF (clone BVD2-21C11; PharMingen), antihuman G-CSF (clone BVD-13-3A5) and biotinylated anti-human G-CSF (clone BVD11-37G10; PharMingen), polyclonal anti-human M-CSF and biotinylated anti-human M-CSF (clone 26730.11; R&D Systems), and anti-human IL-3 (clone BVD8-3G11) and biotinylated anti-human IL-3 (clone BVD3-1F9; PharMingen).
It was necessary to biotinylate the anti-mouse G-CSF (clone 67604.111), the polyclonal anti-mouse M-CSF, and the anti-human M-CSF (clone 26730.11) antibodies in our laboratory since these reagents were only available in purified form. This was accomplished using the EZ-Link Sulfo-NHS biotinylation kit (Pierce, Rockford, Ill.) in accordance with the directions supplied by the manufacturer.
Capture antibodies were used to coat high protein binding microtiter plates (Corning, Corning, N.Y.) at 15 g/ml for 18 h. After washing, antibody-coated plates were blocked with 2% bovine serum albumin (Sigma Chemical Co., St. Louis, Mo.) in phosphate-buffered saline for 2 h; this was followed by addition of supernatants taken from osteoblast cultures at the indicated times after bacterial exposure. After overnight incubation, unbound material was washed off and biotinylated detection antibodies were added at 10 g/ml and the mixture was incubated for 2 h. After washing, bound antibody was detected by addition of streptavidin-horseradish peroxidase (Southern Biotechnology Associates, Birmingham, Ala.) for 45 min; the substrate tetramethylbenzidine (Promega, Madison, Wis.) was then added. Colorimetric reactions were stopped by the addition of 0.5 M H 2 SO 4 , and A 450 was measured (model 550 microplate reader; Bio-Rad, Hercules, Calif.).
Cytokine levels in culture supernatants were quantified by extrapolation from standard curves generated by determining absorbances using limiting dilutions of recombinant cytokines purchased from PharMingen or R&D Systems. The sensitivities of the ELISAs used to quantify mouse or human CSF were determined to be 50 and 50 pg/ml for GM-CSF, 30 and 40 pg/ml for G-CSF, 90 and 60 pg/ml for M-CSF, and 30 and 50 pg/ml for IL-3. Results are presented as means of triplicate determinations Ϯ standard deviations. Statistically significant differences in CSF secretion were determined using the Student t test (GraphPad, San Diego, Calif.).
Transwell cocultures of bacterium-exposed mouse osteoblasts and unexposed mouse osteoblasts. Mouse osteoblasts were cultured in the bottom chamber of a 12-well Transwell (Corning) tissue culture plate and exposed to S. aureus or Salmonella at various ratios of bacteria to osteoblasts in medium containing no antibiotics. After 45 min, extracellular bacteria were washed off and culture medium containing gentamicin was added. Unexposed mouse osteoblasts were also cultured in the upper Transwell chamber and physically separated from the bacterium-exposed osteoblasts by a 0.45-m-pore-size membrane. Cells were cocultured for 12 h, and then RNA was isolated from cells within the upper and lower chambers. RT-PCR was performed to detect CSF mRNA expression as described above.
RESULTS
Enumeration of viable intracellular bacteria following exposure of mouse osteoblasts. The ability of S. aureus and Salmonella to enter mouse osteoblasts was demonstrated using a measurement of viable intracellular bacteria. Mouse osteoblasts were exposed to the indicated numbers of bacteria for 45 min in medium without antibiotics. After washing off of extracellular bacteria, medium containing gentamicin was added for 3 h of incubation to kill the remaining extracellular bacteria. This procedure was demonstrated to be completely effective in eliminating extracellular viable bacteria as determined by plating of culture supernatants onto tryptic soy agar to quantify the number of viable extracellular bacteria remaining. Following bacterial inoculation, osteoblasts were lysed and dilutions of the lysates were plated onto tryptic soy agar to quantify the number of viable bacteria present. At an initial exposure ratio of 250 S. aureus bacteria to one osteoblast, approximately 1 viable bacterium remained per osteoblast at 3 h postexposure (Table 1) . A similar result was obtained for Salmonella at an initial exposure ratio of 10 bacteria to one osteoblast. Taken together, the results in Table 1 serve to illustrate the small number of viable bacteria which remained following the brief initial exposure of the cultured osteoblasts to S. aureus or Salmonella.
S. aureus-induced CSF mRNA expression by mouse osteoblasts. Mouse osteoblasts were cultured in the presence of various numbers of S. aureus bacteria for 45 min, and then viable extracellular bacteria were eliminated. At various times postexposure, RNA was isolated from these cells and a semiquantitative RT-PCR was performed to determine CSF mRNA expression. GM-CSF and G-CSF mRNAs were each induced more than 15-fold from minimal constitutive levels by 12 h postexposure at an initial exposure ratio of 250:1 (Fig. 1) . Importantly, increases in mRNA levels occurred in a dosedependent manner that paralleled the numbers of S. aureus bacteria initially added. In five different RT-PCR analyses, measurable levels of GM-CSF and G-CSF mRNAs were always induced (14.4 Ϯ 3.4-and 12.6 Ϯ 3.9-fold, respectively, by 12 h postexposure). This was in contrast to M-CSF and IL-3 mRNA expression, which was constitutive but did not increase significantly by 12 h postinfection. These time-dependent increases in GM-CSF and G-CSF message expression could not be ascribed to differences in input RNA or to differences in the efficiency of RT, as evidenced by RT-PCR amplification of the G3PDH housekeeping gene for each sample.
These results were observed in a second set of experiments (Fig. 2) , which also included expression of CSF mRNA following interaction with UV-killed S. aureus. It was clear from these studies that UV-killed S. aureus had a reduced capacity to induce GM-CSF and G-CSF mRNA expression compared to viable bacteria (e.g., 5.0-and 2.4-fold reductions, respectively, at 12 h for an initial exposure ratio of 250:1).
Salmonella-induced CSF mRNA expression by mouse osteoblasts. Similar experiments were performed to assess the ability of Salmonella to induce CSF mRNA expression by mouse osteoblasts. As shown in Fig. 3 , Salmonella was a potent inducer of GM-CSF and G-CSF mRNA expression (e.g., each greater than 22-fold at 6 h for an initial exposure ratio of 10:1) but could not significantly increase expression of mRNA encoding M-CSF or IL-3 over constitutive levels (Fig. 3) . Surprisingly, UV-killed Salmonella was also a potent stimulator of GM-CSF and G-CSF mRNA expression (e.g., each greater than 20-fold at 6 h for an initial exposure ratio of 10:1).
FIG. 1. CSF mRNA expression following exposure of mouse osteoblasts to S. aureus. Murine osteoblasts were left unexposed (lanes 0) or exposed to S. aureus at the indicated ratio (250:1, 75:1, or 25:1 bacterium-to-osteoblast ratio) for 45 min, and then extracellular bacteria were removed. RNA was isolated 6, 12, and 24 h following exposure to bacteria, and semiquantitative RT-PCR was performed for each mRNA species. Results are presented as amplified products electrophoresed on ethidium bromide-stained agarose gels. RT-PCR amplification of the G3PDH housekeeping gene was performed to ensure that similar amounts of input RNA and similar RT efficiencies were being compared. These studies were performed three times with similar results .   FIG. 2 . CSF mRNA expression following exposure of mouse osteoblasts to viable or UV-killed S. aureus. Murine osteoblasts were left unexposed (lanes 0) or exposed to viable or UV-killed S. aureus at the indicated ratio (250:1, 75:1, or 25:1 bacterium-to-osteoblast ratio) for 45 min, and then extracellular bacteria were removed. RNA was isolated 6 and 12 h following exposure to bacteria, and a semiquantitative RT-PCR was performed for each mRNA species. Results are presented as amplified products electrophoresed on ethidium bromide-stained agarose gels. RT-PCR amplification of the G3PDH housekeeping gene was performed to ensure that similar amounts of input RNA and similar RT efficiencies were being compared. These studies were performed three times with similar results. S. aureus-induced CSF secretion by mouse osteoblasts. To determine whether the elevations in mRNA encoding GM-CSF in mouse osteoblasts exposed to S. aureus seen in the previous figures were mirrored by alterations in the translation and secretion of this cytokine, specific capture ELISAs were performed. Culture supernatants of untreated osteoblasts or osteoblasts exposed to various numbers of S. aureus bacteria for 24 and 48 h were assayed for the presence of CSF. Figure  4 shows the results of one such set of assays. Viable S. aureus induced GM-CSF and G-CSF secretion as early as 24 h postexposure, and this production continued to increase by 48 h. A dose-response relationship between cytokine secretion and the inoculum of S. aureus used was observed. Conversely, UVkilled S. aureus was much less potent an inducer of these two CSF. Production of M-CSF was observed, but the presence of viable or UV-killed S. aureus did not significantly alter the constitutive secretion of this cytokine (Fig. 4) . IL-3 secretion by mouse osteoblasts was below the level of sensitivity of the ELISA (i.e., 30 pg/ml) under all of the experimental conditions used.
Salmonella-induced CSF secretion by mouse osteoblasts. Interaction with viable Salmonella was especially potent at inducing GM-CSF secretion, whereas interaction with UV-killed bacteria was approximately 20-fold less effective (Fig. 5) . A similar trend was observed for Salmonella-induced G-CSF secretion; however, reductions in G-CSF secretion following interaction with UV-killed Salmonella were less than threefold compared to the levels obtained following infection with viable bacteria. Salmonella did not increase M-CSF secretion over constitutive levels, and no detectable IL-3 secretion was observed (Fig. 5) .
S. aureus-induced CSF secretion by human osteoblasts. The abilities of bacteria to interact with mouse osteoblasts and to induce dramatic GM-CSF and G-CSF expression were surprising, since these cells are not known for the ability to mount a host response against infection. We next investigated whether a similar osteoblast-initiated host response is common to cultured human osteoblasts. Normal human osteoblasts were obtained (Clonetics) and subcultured in our laboratory as previously described (9) . Following treatment with various inoculums of S. aureus or Salmonella, supernatants were taken from these cultures and ELISAs were performed to quantify CSF secretion. Exposure of osteoblasts to S. aureus (Fig. 6) or Salmonella (Fig. 7) induced substantial GM-CSF and G-CSF secretion in a dose-dependent manner. As with mouse osteoblasts, UV-inactivated bacteria were less effective in stimulating the secretion of these particular CSF. Furthermore, the cytokine quantities secreted by human osteoblasts were similar to those secreted by mouse osteoblasts when differences in cell culture density were taken into account. Thus, for GM-CSF and G-CSF secretion, human and mouse osteoblasts had similar responses to the presence of these bacteria. The fact that both mouse and human osteoblasts respond to bacterial exposure with CSF secretion suggests that this is a conserved response and adds further weight to the potential importance of this finding.
However, unlike mouse osteoblasts, human osteoblasts upregulated their expression of M-CSF in response to both S. aureus (Fig. 6) and Salmonella (Fig. 7) . While there was constitutive expression of M-CSF by these cells, exposure to viable bacteria elicited further induction of this cytokine. These in -FIG. 3 . CSF mRNA expression following exposure of mouse osteoblasts to Salmonella. Murine osteoblasts were exposed to S. dublin at the indicated ratio (30:1, 10:1 or 3:1 bacterium-to-osteoblast ratio) for 45 min, and then extracellular bacteria were removed. RNA was isolated 6 and 12 h following exposure to bacteria, and a semiquantitative RT-PCR was performed for each mRNA species. Results are presented as amplified products electrophoresed on ethidium bromide-stained agarose gels. RT-PCR amplification of the G3PDH housekeeping gene was performed to ensure that similar amounts of input RNA and similar RT efficiencies were being compared. These studies were performed three times with similar results .   FIG. 4 . Dose-dependent S. aureus (Staph) induction of CSF secretion by cultured mouse osteoblasts. Osteoblasts (10 7 ) were exposed to various numbers of viable or UV-killed S. aureus bacteria (250:1, 75:1, and 25:1 bacterium-toosteoblast ratios) for 45 min. Extracellular bacteria were then eliminated, and culture supernatants were taken 24 and 48 h postexposure. Specific capture ELISAs were performed to quantify CSF secretion. Results are presented as means of triplicate determinations Ϯ standard deviations. These studies were performed three times with similar results.
creases followed a dose response, and it was especially surprising to find that UV-killed bacteria were similar to viable bacteria in the ability to augment M-CSF secretion ( Fig. 6 and 7) . These results suggest that, while similar, the human osteoblast response to bacteria includes some increases in M-CSF secretion, a finding that was not observed using murine osteoblasts.
Finally, human osteoblasts did not secrete detectable levels of IL-3 in response to S. aureus or Salmonella exposure (Fig. 6  and 7 ). Taken together with the results obtained with mouse osteoblast cultures, these data suggest that osteoblasts are not a significant source of IL-3 during a host response to bacterial exposure.
Soluble factors contribute to the induction of GM-CSF and G-CSF in infected mouse osteoblasts. There are at least two possible mechanisms for bacterium-induced CSF secretion by osteoblasts. Direct interaction of bacteria with osteoblasts could provide signals which activate transcription of the appropriate genes, followed by translation and secretion. Alternatively, the interaction of bacteria with osteoblasts could induce these cells to secrete other soluble factors which could act in an autocrine or paracrine manner to induce GM-CSF or G-CSF expression indirectly. To address the latter possibility, a Transwell culture system was used. Mouse osteoblasts were grown in the bottom chamber of a Transwell plate, and these cells were exposed to various doses of viable S. aureus or Salmonella bacteria, followed by elimination of extracellular bacteria as in all of the previous experiments. Upper chambers were then placed in the Transwell plates containing uninfected osteoblasts. This created a coculture of infected osteoblasts in the lower chamber that were separated by a 0.2-m membrane from the uninfected osteoblasts in the upper chamber. After 12 h of coculture, RNA was isolated from cells in the upper and lower chambers and assayed by RT-PCR for expression of FIG. 5 . Dose-dependent Salmonella induction of CSF secretion by cultured mouse osteoblasts. Osteoblasts (10 7 ) were exposed to various numbers of viable or UV-killed Salmonella bacteria (30:1, 10:1, and 3:1 bacterium-to-osteoblast ratios) for 45 min. Extracellular bacteria were then eliminated, and culture supernatants were taken 24 and 48 h postexposure. Specific capture ELISAs were performed to quantify CSF secretion. Results are presented as means of triplicate determinations Ϯ standard deviations. These studies were performed three times with similar results.
FIG. 6. Dose-dependent S. aureus (Staph) induction of CSF secretion by cultured human osteoblasts. Osteoblasts (3 ϫ 10 6 ) were exposed to various numbers of viable or UV-killed S. aureus bacteria (250:1, 75:1, and 25:1 bacterium-to-osteoblast ratios) for 45 min. Extracellular bacteria were then eliminated, and culture supernatants were taken 24 and 48 h postexposure. Specific capture ELISAs were performed to quantify CSF secretion. Results are presented as means of triplicate determinations Ϯ standard deviations. These studies were performed twice with similar results.
VOL. 68, 2000
S. AUREUS OR SALMONELLA INDUCES CSF IN OSTEOBLASTS 5079 mRNAs. As expected, S. aureus-or Salmonella-infected osteoblasts in the lower chamber demonstrated significant increases in GM-CSF and G-CSF mRNA expression (Fig. 8) . However, we were surprised to find that uninfected osteoblasts in the upper chamber also had increased levels of GM-CSF and G-CSF mRNA expression, albeit to a lesser degree than that observed in infected osteoblasts. These dose-dependent increases in GM-CSF and G-CSF message expression could not be ascribed to differences in input RNA or to differences in the efficiency of RT, as evidenced by RT-PCR amplification of the G3PDH housekeeping gene for each sample (Fig. 8) . Importantly, bacteria were not the source of this soluble factor, as determined in experiments in which viable S. aureus bacteria (top chamber) were separated from murine osteoblasts (lower chamber) within a Transwell plate. Viable S. aureus bacteria were added to the top chamber and incubated for 45 min, during which time osteoblasts were present in the bottom chamber but not in direct contact with the bacteria. After 45 min, gentamicin was added to each chamber. At 48 h later, supernatants were taken from the bottom chamber containing the osteoblasts and ELISAs were used to quantify GM-CSF or G-CSF secretion. Less than 100 pg of CSF secretion per ml was observed (data not shown). These studies demonstrate the necessity of S. aureus to directly interact with osteoblasts to induce a host response. Furthermore, addition of staphylococcal enterotoxin A at various concentrations (10, 1, and 0.1 ng/ml) induced no significant IL-12, IL-6, or GM-CSF secretion 48 h postaddition to murine osteoblasts compared to untreated cultures. These results further support the notion that S. aureus-induced effects on osteoblasts are not mediated via soluble factors of bacterial origin but require cellular contact.
Taken together, these results demonstrate that a soluble factor produced in cultures of osteoblasts directly exposed to bacteria can act in a paracrine manner to stimulate the expression of GM-CSF and G-CSF mRNAs in normal, uninfected osteoblasts.
DISCUSSION
These studies represent the first comprehensive analysis of bacterially induced CSF production by cultured mouse and human osteoblasts. The results presented here were surprising in that they demonstrated an unexpected ability of osteoblasts to respond to bacterial exposure by secreting high levels of GM-CSF and G-CSF. The amounts of CSF secreted by exposed osteoblasts were similar to that reported for activated macrophages (43, 64) , supporting the relative biological importance of these findings. Furthermore, the conservation of osteoblast-derived GM-CSF and G-CSF secretion in response to bacterial exposure between humans and mice suggests the fundamental nature of this response. Taken together, the present results support the notion that osteoblasts can contrib- FIG. 7 . Dose-dependent Salmonella induction of CSF secretion by cultured human osteoblasts. Human osteoblasts (3 ϫ 10 6 ) were exposed to various numbers of viable or UV-killed Salmonella bacteria (30:1, 10:1, and 3:1 bacteriumto-osteoblast ratios) for 45 min. Extracellular bacteria were then eliminated, and culture supernatants were taken 24 and 48 h postexposure. Specific capture ELISAs were performed to quantify CSF secretion. Results are presented as means of triplicate determinations Ϯ standard deviations. These studies were performed twice with similar results .   FIG. 8 . Induction of G-CSF and GM-CSF mRNA expression in cocultures of bacterially exposed and unexposed osteoblasts. Mouse osteoblasts were used to seed the upper and lower chambers of Transwell plates. Osteoblasts in the lower chamber were left unexposed (lane 0) or exposed to S. aureus or Salmonella at the indicated ratios (250:1 and 75:1 or 10:1 and 3:1 bacterium-to-osteoblast ratios, respectively) for 45 min, and then extracellular bacteria were removed. Following exposure of osteoblasts in the lower chamber, upper chambers containing unexposed osteoblasts were positioned in the Transwell plates. RNA was isolated from the upper and lower chambers 12 h following exposure to bacteria, and a semiquantitative RT-PCR was performed for each mRNA species. Results are presented as amplified products electrophoresed on ethidium bromidestained agarose gels. RT-PCR amplification of the G3PDH housekeeping gene was performed to ensure that similar amounts of input RNA and similar RT efficiencies were being compared. These studies were performed twice with similar results.
ute to the host response during bone infection by acting as a significant source of cytokine secretion.
Bone resorption following infection is well documented; however, the mechanisms responsible for such clinical observations are not altogether clear (55) . The present demonstration that bacterially exposed human osteoblasts can be induced to become potent secretors of GM-CSF, G-CSF, and M-CSF could have a significant impact on this process. These cytokines are believed to be important growth factors regulating the proliferation and differentiation of myeloid osteoclast precursors (2, 48, 54) . The increased production of these growth factors mediated by S. aureus or Salmonella may significantly increase osteoclast numbers. Furthermore, we have previously reported (9) that S. aureus infection of osteoblasts induces substantial IL-6 secretion. It is well documented that osteoblast-derived IL-6 can directly or indirectly modulate the activity of bone-resorptive osteoclasts (18, 27, 31, 35) , resulting in induction of osteoclast differentiation or osteoclast-mediated bone demineralization. The fact that viable bacteria can induce IL-6, GM-CSF, G-CSF, and M-CSF secretion from human osteoblasts points to the induction of a cytokine environment which would favor osteoclastogenesis during infection. Since bone diseases commonly result in aberrant bone remodeling, it is tempting to speculate that such a perturbation in the regulation of bone formation may result, in large part, from cytokine-mediated increases in bone resorption in infected tissue.
However, the process of osteoclastogenesis is a complex one, as demonstrated by the multiple effects of GM-CSF on this process. GM-CSF production or administration has been shown to limit the formation of more mature, multinucleated osteoclasts (33, 65, 66, 76) . Therefore, excess GM-CSF production may also limit the latter stages of osteoclast formation. It is important to consider the net effect of this cytokine on osteoclastogenesis before definitive conclusions can be drawn as to the importance of increased GM-CSF production by osteoblasts during bone remodeling.
S. aureus and Salmonella are two common causative agents of bone diseases (13, 44, 57, 81) and were chosen for use in these investigations based on this fact. While common to bone diseases, these two pathogens have very dissimilar characteristics and modes of invasion. S. aureus is a gram-positive pathogen whose adherence to bone is an important component in its infectivity (14, 24) and possibly its formation of biofilms (13) . Conversely, Salmonella is a gram-negative bacterium known for its ability to invade cells (23, 41) . Therefore, the studies presented here also allow the first general comparisons concerning the types of responses elicited from osteoblasts following exposure to two very different pathogens. It was surprising to find that gram-positive and gram-negative bacteria were able to induce similar patterns of CSF secretion following interaction with osteoblasts. It is not clear why the profiles are similar, but this similarity may be suggestive of a common mechanism of activation. While staphylococci are typically regarded as noninvasive, extracellular pathogens that damage host cells after adhering to the extracellular matrix (14, 24) , several recent studies have shown that S. aureus can be internalized by a number of cell types that are not generally considered to be phagocytic (1, 4, 53, 77) . Indeed, several recent reports (19, 34, 36, 61) have demonstrated that S. aureus can be internalized by osteoblasts and persist intracellularly. Based on these observations, it is tempting to speculate that one component of S. aureus-mediated bone disease would be cell invasion and persistence, which allows these bacteria to evade humoral or neutrophil-mediated destruction. While the present study does not directly address the importance of viable intracellular bacteria in augmenting CSF production, it is clear that nonviable (and presumably noninvasive) bacteria induced less cytokine secretion. Thus, it is tempting to speculate that signals generated following intracellular invasion by viable bacteria are an important component of the induction of optimal CSF secretion; however, additional studies are required to define such mechanisms.
The major functions of osteoblasts include the formation of new bone and the modulation of osteoclast activity; however, evidence is increasing that osteoblasts have a surprising ability to respond to pathogens in a manner normally attributed to cells of the immune system. Recent studies in our laboratory have shown the ability of cultured mouse and human osteoblasts exposed to S. aureus (9) or Salmonella (unpublished data) to express high levels of IL-6 and IL-12p75. The ability of IL-6 (78), IL-12 (74), GM-CSF (26) , and G-CSF (15) to augment immune responses against bacterial infections is well documented. In fact, GM-CSF has been found to augment the immune response against both S. aureus and Salmonella infections (16, 25, 26, 49, 52) . The observation that both human and mouse osteoblasts can secrete significant levels of GM-CSF following exposure to either bacterium supports the notion that osteoblast-derived cytokines might significantly contribute to the development of a protective host response. Taken together, the present and previous (9) findings suggest that a third significant function of osteoblasts is an ability to contribute to the initiation of a host immune response following bone infection.
In addition to the potential protective effects of increased cytokine production by bacterially challenged osteoblasts, it should also be noted that such secretion might contribute to the destructive inflammation associated with bone infection. It is clear that cultured osteoblasts can secrete substantial amounts of IL-6 (9), IL-12 (9), GM-CSF, and G-CSF in response to bacterial exposure. Furthermore, our results indicate that maximal amounts of these cytokines occur with the presence of viable intracellular bacteria. This finding suggests that maximal cytokine secretion would accompany an active or chronic infection. In such a scenario, increased local cytokine production by osteoblasts responding to viable bacteria could serve to sustain the inflammatory immune response by maintaining the activated status of infiltrating macrophages, neutrophils, and/or lymphocytes at the site of infection.
